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(57) A sputter coating system employing a vacuum 
chamber. A movable surface is provided within 
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substrates and moving them thereon. At least 
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holder and adapted for sputtering at least a 
selected material onto the substrate. At least a 
second device is positioned adjacent the first 
device for providing a plasma for enhancing the 
plasma formed by the first device. 
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TECHNICAL FIELD OF INVENTION 

The present invention deals with a device and process for enhancing the plasma at a sputter target and 
the use of this enhanced plasma to react a selected material deposited on a substrate. 

BACKGROUND OF THE INVENTION 

The use of reactive DC magnetron sputtering to deposit thin films of metallic compounds has been known 
for quite some time. Most such reactive sputtering has been accomplished in configurations in which the sub- 
strate is fixed over the metallic target and compounding of the deposited metallic film occurs at the same time 
and place as deposition of the metal atoms. The achievement of stoichiometric films at reasonable deposition 
rates then requires a careful balancing of conditions such that the film on the substrate is fully compounded 
but the sputter target surface is not, since such "poison ing" of the target leads to much lower sputter rates and 
often, arcing at the target surface. 

In U.S. Patent No. 4,420,385 Hartsough claims a technique in which the substrate on which the metallic 
compound is to be deposited is alternately passed over the sputter target and through a reactive atmosphere 
In this manner deposition of the metal atoms is at least partially separated in time and space from the com- 
pounding of the film. The degree of separation depends on the degree of atmospheric isolation between the 
sputtering and compounding zones. 

Hartsough also teaches the use of a plasma in the compounding zone for speeding the rate of reaction 
Thus, for example, deposition of an oxide film is enhanced if oxygen in the compounding (oxidizing) zone is 
activated by a plasma, since excited oxygen species react much more readily with the metallic film than do 
ground state 0 2 molecules. 

Scobey et al., in U.S. Patent No. 4,851,095 claim a specific embodiment of the general device claimed by 
Hartsough. While Hartsough claims broadly the separation of the deposition and reaction zones, with no spec- 
ification or restr.ct.on as to the degree of separation, and teaches the advantage of using an activating plasma 
in the reaction zone, Scobey et al. claim a localized plasma as the reaction zone, and emphasizes the need 
for .this plasma to be physically and atmospherically separated from the deposition zone. In fact, Scobey et al 
differentiate from Hartsough's teaching by emphasizing the physical and atmospheric separation of reaction 
so and deposition zones. 

There are several shortcomings which are unavoidable consequences of practicing the art as described 
above. Many of these shortcomings flow directly from the need to physically and atmospherically separate the 
reaction and deposition zones. For example, this separation obviously limits the number of targets and reaction 
zones that can be placed in a given vacuum chamber, and the total rate of film deposition is thereby limited 
As another example, exposure of the unreacted film between the two noncontiguous zones of Scobey et al 
can lead inadvertently to contamination of the growing film by background gases. As yet another example there 
are certain synergistic advantages to be gained by continuity and coupling of the activating plasma and the 
plasma from the sputter.ng target, which advantages can obviously not be realized if these two plasma zones 
are physically separated. 

The present invention avoids these shortcomings by bringing the sputter and activation zones atmosphe- 
rically and physically together while eliminating any baffles or differential pumping, thereby effectively blending 
the plasmas of these two zones into a single, continuous plasma which serves to both sputter material from 
the target and react it at the substrate. 

« SUMMARY OF THE INVENTION 

The present invention is a device and process for enhancing and spatially broadening the plasma at a sput- 
ter target and the use of this enhanced, broadened plasma to sputter a selected material onto a substrate and 
to react the material deposited on the substrate. Although the device can be incorporated into various vacuum 
chamber configurations, such as those suggested by U.S. Patent No. 4,851,095, it is readily incorporated into 
a system compns.ng a vacuum chamber and a drum rotatably mounted within the chamber, the drum supportinq 
a substrate which is moved past the device located on the circumference of the chamber. 

The invention comprises a magnetron sputter device capable of depositing the selected material onto the 
substrate and a plasma generating device positioned immediately adjacent to the magnetron device. Both the 
plasma generating device and the magnetron are capable of creating a plasma, but in practice the plasmas 
generated by these two components interdiffuse to become one continuous, activating and sputtering plasma 



35 



40 



50 



55 



2 



JSDOCID: <EP 0516436A2_I_> 



EP 0 516 436 A2 



BRIEF DESCRIPTION OF THE DRAWINGS 

The above and other aspects of the invention are described with respect to the drawings in which: 

Fig. 1 is a simplified schematic cross sectional yiew-of a drum vacuum coater incorporating the present 
invention. . 

Fig. 2 is a simplified cross sectional view of a conventional, balanced magnetron sputter device showing 
the balancing of center and edge magnets. 

Fig. 3 is a simplified cross sectional view" of an unbalanced 'magnetron sputter device"sh~owingTthe lack~of " 
balance between the edge magnets and center magnet and the resulting diverging magnetic field above the 
target. 

Fig. 4 is a conceptual drawing of the enhanced broadened plasma generated by the present invention, 
showing the current paths through the plasma and associated generating system. 

Fig. 5 is a graph showing a current- voltage characteristic of a magnetron sputter device without an adjacent, 
auxiliary plasma and a current voltage characteristic of a magnetron sputter device operating in one embodi- 
ment of the invention. . 

Fig. 6 is a simplified schematic view of a preferred embodiment of the invention, showing details of the mi- 
crowave injection system and electron cyclotron resonance field coils. 

Fig. 7 is a simplified cross sectional view of another embodiment of the present invention, showing a mi- 
crowave form designed to broaden the auxiliary plasma to better match a linear target plasma. 

Fig. 8 is a table showing the relation between sputtering yield and voltage for a silicon target. 

Fig. 9 is a simplified cross sectional view showing a magnetron sputter device and an adjacent, coupled < 
plasma generatingdevice positioned inside a substrate supporting drum. 

Fig. 10 is a simplified cross sectional view showing magnetron sputter devices and associated adjacent, 
coupled plasma generating devices inside and outside a substrate supporting drum. 

Fig. 1 1 is a simplified cross sectional view of a vacuum chamber with cylindrical inner and outer walls both 
of which house magnetron sputter devices and associated, coupled auxiliary plasma devices for coating from 
both sides of a rotating substrate bearing drum. 

DETAILED DESCRIPTION OF THE INVENTION ~* *" 

Generally, the process of the. present invention is carried out in a vacuum chamber, housing a rotary drum 
much like the device disclosed in Scobey et aL U.S. Patent 4,851,095,' the disclosure of which is hereby incor- 
porated by reference. However, in practicing the present invention, the Scobey et al.-like vacuum drum is modi- , 
fied pursuant to Fig. 1. 

Turning to Fig. 1, sputtering system 10 comprises housing 1 whose circumference defines a vacuum or 
low pressure environment. As such, housing 1 can be connected to a suitable vacuum pumping system (not 
shown). Under normal operation, the pressure within housing 1 is generally in the range of 10^* to 10r 2 Torr. 
Magnetron sputtering device 5 is positioned on the circumference of vacuum housing of chamber 1 located in 
close proximity to plasma generating device 6. 

In operation, an inert sputtering gas, such as argon, is injected into the chamber through an input 4 In ad- 
dition, a compounding gas, such as oxygen, is injected, again through 4. As the substrates 3 supported by rotary 
drum 2 are rotated into the region 9 of the larger plasma 1 1, a metal film sputtered from target 5 is deposited. 
Reaction of this film with the compounding gas begins immediately as the film is deposited in region 9 under 
the target 5. As the substrate is carried into region 8 of the plasma, under the plasma generating device 6, this 
reaction continues, completing conversion of the film to a dielectric with the desired stoichiometry. Obviously, 
this sequence can be repeated through rotation of the drum to build a dielectric film of a desired thickness. By 
providing additional sputter target-plasma generating devices, multilayer films of various materials can be ap- 
plied to substrates 3. 

As noted previously, the present invention differs significantly from prior devices of this type in that plasma 
1 1 is spatially continuous over target 5 and plasma generation device 6 and compounding of the film is accom- 
plished continuously in plasma 11 . In fact, plasma 1 1 electrically couples the target and plasma generation de- 
vice. This is in marked contrast to Scobey et al. which specifically teaches the physical and atmospheric sep- 
aration of the sputtering target and reaction zones. 

In a preferred embodiment, plasma generating device 6 (Fig. 1) is a microwave device operating at 2.54 
gigahertz. The plasma 1 1 is then created by the microwaves and the sputter target operating in concert. If the 
free electron density of the plasma in region 8 is higher than the critical density for microwaves of 2.54 gigahertz, 
the frequency ordinarily used, then the plasma is substantially opaque to the microwaves and interdiffusion of 
the plasma in region 8 with the plasma in region 9 renders the plasma continuous. If the plasma is sufficiently 
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transparent to the microwaves, either through an electron density below the critical density or through operating 
the microwave in a circularly polarized mode so that the so called whistler mode is operative, then the plasma 
11 is rendered continuous through both interdiffusion and absorption of microwaves throughout the plasma. 
The electrical coupling between the target and plasma generator mentioned above, although always pres- 
5 ent, can be enhanced, if desired, through design of the magnetic field at the sputter target. In conventional mag- 
netron sputtering targets (Fig. 2), the magnetic field lines 18 are substantially confined to the region just above 
the target 19. This is accomplished by making the center magnet 20 twice the width of the outside magnet 21, 
so that all flux from the outside magnets flows through the center magnet. In a newer device (Fig. 3), the so- 
called "unbalanced magnetron," the center magnet 24 is made smaller or replaced by a magnetically permeable 
10 material, so that a part of the flux 22 is "pushed" away from the target 23. This fringing magnetic field carries 
part of the plasma away from the target.and toward substrate 3 (Fig. 1) and contiguous plasma generating de- 
vice 6 (Fig. 1). In addition to increasing the electrical continuity of the sputter-activation plasma, operation in 
this unbalanced mode can have other beneficial effects, as discussed below. 

Because the plasma 1 1 is spatially continuous, it is electrically continuous and regions 8 and 9 of the larger 
15 plasma 1 1 are electrically coupled; that is, there exists, through this plasma coupling, an electrical coupling of 
the sputter target and microwave device, in marked contrast to Scobey et al. To show this, plasma 1 1 of Fig. 
1 is shown in detail in Fig. 4 as plasma 16. The current in plasma 16 is complex, consisting of both ion and 
electron components. However, the external current, through ground 17 to the power supply 15 and through 
the power supply to sputter target 13, is all electronic. Thus, through the plasma 16 there is a net electron current 
20 flow equal to that which passes through the power supply 15. The plasma thus acts as a resistive current-car- 
rying element. As Fig. 4 demonstrates, the electron current can go to ground from the plasma at any number 
of points 12, depending on machine configuration, tooling and other considerations. But in any instance, an 
electron current is pulled from the plasma as voltage is applied to the target 13. 

For given operating conditions, the plasma-ground-power supply-target circuit will exhibit a particular vol- 
25 tage at which the target strikes a plasma. Below this voltage, there will be no current. But as soon as the plasma 
is struck, the power supply begins to pull current from the plasma, the current increasing with increasing target 
voltage. 

A typical current(l) -voltage(V) curve for a 5" x 15" silicon target is shown as curve A of Fig. 5 where the 
microwave device does not contribute to plasma generation. That is, the microwave is not used in generating 
Curve A The curve, as developed from experimental data, shows that below a particular voltage (410 volts in 
this case) at which the target struck a plasma, there was no current, but as the plasma was struck, the power 
supply began to pull current from the plasma. 

By contrast, reference is made to curve B of Fig. 5 which was based upon data generated by initially setting 
the sputter target voltage to 0 while striking a plasma us ing only the microwave device. Visually, it was observed 
that this plasma extended to envelop the sputter target. When voltage to the sputter target power supply was 
increased from 0, the power supply began immediately to pull current from the microwave generated plasma. 
As the voltage was increased further still, so that positive ions accelerated to the target caused secondary elec- 
tron emission from the target surface, the sputter power supply began to contribute to the plasma. By measuring 
I as V was increased under these conditions, curve B was generated. 

In comparing curves A and B, two points are noted. First, it is quite obvious that significant current is drawn 
from the microwave plasma, even before the target plasma strikes. Secondly, the target plasma strikes at a 
lower voltage if the microwave plasma has been struck prior to applying voltage to the target. In fact, on curve 
B it is sometimes not clear at what point the target plasma is struck, in marked contrast to the situation of curve 
A. 

From these two observations, it is clear that the sputter magnetron and microwave device operate as an 
integral unit in the generation of a plasma and that changing one influences the operation of the other. This is 
made clearer still by noting, for example, that as the microwave power increases, the voltage required to main- 
tain a given current through the magnetron sputter supply decreases. This is explained by noting that the in- 
creased microwave power lowers the resistance of the plasma. 

The device and process of the present invention are capable of achieving higher sputter rates when com- 
pared to prior devices. Higher sputter rates follow from the ability of the sputter cathode to draw current from 
the microwave-induced part of the plasma. This increase in rate is obvious at voltages less than the sputter 
target striking voltage without the microwave plasma. In reference once again to Fig. 5, at 370 volts, which is 
below the 41 0 volts required to strike a plasma with the target power supply alone, the sputter rate is zero without 
a plasma being created by the microwave device (Curve A). At 370 volts, however, there is a significant sputter 
rate when operating pursuant to the present invention. (Curve B) 

This ability of the present invention to draw ion current from the plasma at low voltages allows sputtering 
at voltages lower than those of corresponding prior art devices. Since the energy distribution of sputtered atoms 
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shifts toward higher values with increased sputter ion energy, this ability is particularly advantageous in reduc- 
ing the number of atoms sputtered with higher energies to minimize damage to the growing film. 

It was also observed that the sputter rate is increased at voltages higher than the striking voltage This can 
be appreciated by considering the yield curve for the sputtered material and the dependence of sputter rate on 
5 yield and current; "yield" simply meaning the number of target atoms sputtered for each ion striking the target. 

When operating the target in the unpoisoned mode the sputter rate in atoms per second is essentially given 
by the relationship. 
..... , ^ R s'Ci'Y . (1) - 

where: 

10 C x is a constant dependent upon target geometry; 

I is the target ion current in amperes; and 

Y is the yield in number of atoms sputtered for each ion incident on the target. 
The yield Y is a function of the target voltage V This function can be measured and is indicated in Fig. 8 
for silicon sputtered in argon. Examination shows that the function is well approximated by 
15 Y = 1.85 x 10- 2 V* (2) 

substituting (1) into (2) gives 

R - C 2 I V 1 ' 2 
' " (3) 

where P=IV is the power and C 2 = 1.85 x 10- 2 C 1? a constant. , 

Now, in a practical system, the maximum sputter rate is limited by the power that can be applied to the 
25 target without damage by debonding from the backplate or warping through over heating. Thus, to obtain the 
maximum sputtering rate, the power is increased to the maximum possible. In order to appreciate that the pres- 
ent invention yields higher sputter rates at this maximum power, if R' and I' are the rate and current without 
the microwave device contributing to plasma generation, then from equation (3) 
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since P=P' the maximum power feasible. Since V\ the voltage required at maximum power without the micro- 
wave device is greater than V, the voltage required with the microwave device, the sputter rate R is greater 
than the rate R\ 

40 When this greater sputtering ability is combined with use of an efficient oxidizing device, such as the mi- 

crowave generated plasma in one of the preferred embodiments, the rate of oxide deposition can be much high- 
er than has been therefore achieved. For example, use of the present device has resulted in deposited clear 
Si0 2 at over-the-target rates exceeding 180 A/sec, nearly double those reported in U.S. Patent No. 4,420,385. 
This is also true for other materials as well, as the following discussion reveals. 

45 It has also been observed that the present invention increases. the oxygen, or other reactive gas, that can 

be introduced into the vacuum chamber before the target surface becomes completely covered by an oxide 
layer; that is, before the target is "poisoned." This results from the ability of the enhanced plasma to create active 
oxygen species which readily react with the growing film. This film is in effect a second pump for the reactive 
gas, the vacuum system pump being the first. The pumping speed of the second pump is greater as the oxygen, 

so or other reactive gas, is made more reactive. In one embodiment, the device operates with 2 to 3 KW of mi- 
crowave power distributed over a plasma 8 to 1 0 inches in length. This is in marked contrast to the few hundred 
watts over 20-25 inches cited in U.S. Patent No. 4,420,385, for example. This high input power into the broad- 
ened enhanced plasma of the present invention is especially effective in exciting the reactive gas and therefore 
in increasing the pumping speed of the growing film. 

55 While it is often desirable to operate the system with the maximum reactive gas possible before target poi- 

soning, it is sometimes not desirable. Because of its effectiveness in generating active species, the enhanced 
plasma device of the present invention often provides complete oxidizing, or nitriding, etc, at reactive gas flows 
well below the target poisoning level. This mode of operation is often convenient when very stable operation 
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is desired; that is, when operation away from the poisoning knee of the system curve is desired. 

It has further been observed that in some embodiments the present invention is capable of striking a plasma 
at much lower pressures than those normally used in magnetron sputtering. Typically, a DC magnetron requires 
pressure higher than 10-3 Torr> wnile tne present invention is capable of striking a plasma at pressures well 
below Torr. Thus, the present invention is capable of drawing sputtering current at pressures for which 
the mean collision path is greater than 50 cm. This can be advantageous when line-of-sight deposition is re- 
quired; that is, when scattering of the sputtered atoms is detrimental to the growing film. This can, for example, 
prevent high angles of incidence deposition which can lead to porous or stressed films. 

Low pressure operation is achieved by using a microwave generator as the plasma enhancing device. Re- 
ferring to Fig. 1, the microwaves into the system through 6 reflect from the metal drum 2, causing an intense 
standing wave in the region above the drum 2, the region in which the plasma is desired. Thus the drum 2 be- 
comes part of a high Q microwave cavity in which intense fields capable of plasma generations at pressures 
down to approximately 5x10^ Torr can be struck and maintained. 

To operate the invention at pressures below 1CH Torr, electron cyclotron resonance (ECR) operation is 
15 required. ECR is a well known phenomenon. It occurs when the electron rotation frequency about an imposed 
constant magnetic field B matches the frequency of a superimposed electromagnetic field. This electron cy- 
clotron frequency is given by 
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20 where e and m are the electron charge and mass. For a microwave frequency f of 2.54 gigahertz, a frequency 
in common use because of the ready availability of microwave oven magnetrons, B in equation (5) is 875 Gauss. 

In the present invention the magnetic field B for ECR operation can be generated in any number of ways. 
For example, a current carrying coil can be wrapped around the microwave waveguide as it enters the vacuum 
chamber. Alternatively one can simply place a permanent magnet in the region of the microwave windows on 
25 the chamber. When this done, an ECR induced plasma will strike in those regions around the magnet where 
the magnetic field is 875 gauss. 

The present invention is also capable of depositing some non-oxide dieletrics more effectively than is pos- 
sible using prior art. For example, titanium nitride, TiN, is a well known coating, often used as an antiwear coat- 
ing. In its optimum antiwearform it is conductive and golden yellow in color. Titanium dioxide, on the other hand, 
is a clear coating often used in optical filters. Titanium metal reacts readily with oxygen but is essentially non- 
reactive with nitrogen. To obtain a good TiN film one thus needs a plasma to excite the nitrogen and render it 
more reactive, and one needs to exclude oxygen from the deposition system to the maximum degree possible. 

When the present invention is used to deposit thin films of TiN, a titanium target is employed and nitrogen 
gas bled into the system after an initial pumpdown. The pumpdown removes oxygen from the system, with tem- 
35 perature and vacuum chamber history being important variables in determining the time required. For example, 
if the chamber has a thick, porous coating on its walls from previous runs, then a long time may be required 
for water vapor to be desorbed from the walls. As such , there will always be some residual oxygen in the system 
and this oxygen will compete with nitrogen in reacting with the sputtered Ti film. Because oxygen is so much 
more reactive than nitrogen, even a small amount can be detrimental. 
40 In operating the present invention to deposit TiN, substrates are placed upon the drum which is, for exam- 

ple, rotated at 30 rpm. Assuming that the microwave source is positioned on the counterclockwise side of the 
magnetron sputter target as shown in Fig. 1 , the Ti metal is sputtered only in the vicinity of the magnetron where- 
upon the substrates pass directly into the zone dominated by the microwave device. As such, exposure to back- 
ground oxygen is minimal, since the reaction started at the site of the target is completed at the site of the mi- 
45 crowave device and no free Ti is available for reaction after passing through the microwave input zone. 

When the drum is rotated clockwise, the Ti is partially reacted below the sputter target and this partially 
reacted film is exposed to oxygen background for a period of somewhat less than two seconds in duration, which 
is the amount of time required for rotating the drum until the substrates reach the microwave device This can 
result in potential oxidation of the film. 

It can be seen from the above discussion that when operating in a scheme as suggested by U.S. Patent 
No. 4,851,095, where the sputter target and microwave reaction zones are physically separated, greater care 
must be exercised to eliminate residual oxygen from the system when depositing non-oxide/metal films in which 
the metal reacts relatively readily with oxygen. The time spent in the free space between active zones cannot 
be minimized by the prior art approach as it can in practicing the present invention where there is a single, con- 
tinuous activating zone. The practical result of this is that the present invention provides for shorter pumpdown 
times and less attention to machine cleanliness than does the prior art, resulting in an economic advantage. 

Other advantages of the present invention arise from an embodiment in which the sputter target is config- 
ured in the unbalanced mode as briefly described earlier in reference to Fig. 3. It is well known that the quality 
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of a thin film can be influenced through bombardment of the film by energetic atoms during deposition. The 
energy of these atoms is preferably great enough to move atoms around on the growing film and small enough 
to avoid significant sputtering of the film. To restate, it is desirable to increase the mobility of the atoms while 
avoiding their resputtering. This is best accomplished when the energy of the bombarding species is between 
5 about ten and one hundred electron volts. The unbalanced magnetron of Fig. 3 provides ions at the substrate 
in this energy range. This occurs because the free electrons in that part of the plasma in the diverging magnetic 
field above the target are guided by that field toward the substrate. These electrons gain energy in moving to- 
ward weaker field regTdhs~th rough the magnetic mirror effect. Although "the positive ions, the species to~which 7 
it is desired to impart the preferred substrate bombardment energy, are too heavy to be guided significantly by 

10 the diverging magnetic field, they will be accelerated toward the substrate by ambipolar-diffusion; that is, the 
negatively charged electrons will "drag" the ions along with them. 

The unbalanced magnetron can be used as the sputter target in the present invention with plasma enhance- 
ment and broadening being provided by, for example, the microwave system discussed above as part of a pre- 
ferred embodiment. It can also be used as the auxiliary plasma generator in conjunction with a contiguous sput- 

15 ter target which itself may or may not be unbalanced. In this mode the unbalanced auxiliary would operate in 
the poisoned mode to provide an. intense plasma while sputtering at a low rate and the sputter target per se 
would operate in the unpoisoned mode to provide the desired metal atoms at a high rate. This dual operation 
of two targets, one poisoned and one unpoisoned, is easily achieved even though the reactive gas pressure 
is the same over both by simply running the sputter target at a power high enough to insure that it does not . 

20 poison while running the auxiliary at a power low enough to insure that it does poison. 

In using a sputter target, either balanced or unbalanced, as the auxiliary device to enhance and broaden 
the" sputter plasma, a problem arises as to what material the auxiliary target is to be made. In the discussion 
above it was implicitly assumed that the auxiliary target was of the same material as the main sputter target, 
so that "any material sputtered from it would simply add to the growing film and not contaminate it. This can 

25 sometimes be inconvenient and/or less efficient than desired in enhancing the plasma, the latter when insuffi- 
cient power is applied without cleaning the auxiliary target of it's poisoned surface layer. Another approach that 
can often be used is to make the auxiliary target of another material that has a low sputter yield or the incor- 
poration of small amounts of which into the growing film is of no practical consequence. Thus, for example, to 
deposit Al 2 0 3 one can use a poisoned Si target as an auxiliary and arTuri poisoned aluminum target as the main. 

30 Since even in the unpoisoned state silicon has a sputtering yield less than one half that of the aluminum, very, 
little sil icon' would be incorporated into the film, and this as Si0 2 . For most applications this small amount of 
SiO z in Al 2 0 3 would be insignificant. ..>*.-■■ 

A preferred embodiment of the present invention utilizes a microwave generator as the plasma enhance- 
ment device 6 of Fig. 1. One embodiment is shown in Fig. 6 as a side view of the vacuum chamber 25 and 

35 rotable drum 26 on which substrates 27 are mounted. A microwave transparent window 30 made of, for exam- 
ple, fused quartz, is mounted on the wall of the chamber. A waveguide 28 directs microwaves through the win- 
dow 30 enhancing the plasma 31 . 

The microwave frequency is 2.54 GHz and the waveguide and window are suitably sized for this frequency. 
Thus the waveguide is WR284, which is rectangular and measures 3 inches x 1 .5 inches. The window is circular 

40 and approximately 3 inches in diameter. The microwave power supply is capable of generating 3 KW of micro- 
wave power. This is tuned to the plasma 30 using a stub tuner 29 in the waveguide 28. 

The sputter target (not shown in Fig. 6) in one embodiment is 5" x 15" and is positioned on the outside 
circumference of the vacuum chamber 25 adjacent to the microwave window 30. The separation of the target 
and window is typically less than about ten inches, allowing the plasma 31 to diffuse readily between the mi- 

45 crowave window 30 region and the target region so that the advantages of the invention as discussed previously 
can be realized. When the vacuum chamber is examined after operation, a rainbow-like coating is observed 
at the microwave window. This is a metal oxide coating formed by metal atoms from the sputter target and oxy- 
gen, and it evidences a coupling of the plasmas generated at the target and the microwave generating device 
as well as a significant excitation of metal and oxygen atoms in the entire region of the continuous plasma.. 

so When operation at pressures lower than about 0.5 millitorr is desired, a magnetic field 32 is generated in 

the plasma 31 by a current carrying coil 33 wrapped around the waveguide 28. The ampere turns in this coil 
are sufficient to create a field strength of 875 G over some surface in the plasma 31 , thereby causing ECR 
operation at that surface. It has been found that 400 amperes through 75 turns is sufficient to accomplish this. 
In addition to providing ECR operation, the magnetic field 32 can also act as a magnetic mirror to keep the 

55 hot plasma 31 away from the window 30, thereby allowing higher power without damaging the window or va- 
cuum seals. In fact, the magnetic mirror effect occurs at field levels below those needed for ECR operation and 
the invention can be so operated if desired. 

With a single microwave input such as shown in Fig. 6, a film deposited on substrates 27 spaced over 8- 

7 
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12 inches, the exact width depending on plasma power, can be reacted. This is because reactive species of 
the plasma 31 readily diffuse to regions, beyond the 3 inch microwave window 30. When activation over a wider 
region is desired to achieve, for example, greater load sizes, the number of microwave inputs, each the same 
as shown in Fig. 6, can be used. For example, three such sources readily suffice for use with a 25" target the 
three plasma zones diffusing into each other and into the region under the target. 

In lieu of such separate inputs, the invention can also utilize a microwave horn as shown in Fig. 7. In this 
embodiment microwaves are injected through a WR284 waveguide 35 into a microwave horn 36. The length 
of this horn along the drum is approximately 15 inches when used with a 25" target. The microwave window 
37 mounted in the chamber wall 38 is rectangular, measuring fifteen inches by 3 inches. In this arrangement 
a long plasma 39 is created allowing activation of film on substrates 40 and coupled operation with the sputter 
target (not shown). 

Other arrangements for introducing the microwaves into the chamber, such as the use of the fringing field 
applicators sold by Gerling Laboratories of Modesto, California, will be apparent to those skilled in the art. 

15 Example 1 

To produce a TiN film on substrates 3 the device as depicted in cross-section in Fig. 1 was configured with 
a titanium metal target and the deposition conditions listed in table 1 were established. 

20 

Table 1 

Target Material Titanium 
Argon Flow 60 seem 

Nitrogen Flow 3 0 seem 

25 Total Pressure 3.0 Millitorr 

Target Power 2 Kw 

Microwave Power 1.5 Kw 

Drum Rotation Rate 3 0 rpm 



30 



35 



Drum 2 was first rotated counterclockwise to produce Sample A and the direction of rotation reversed to 
a clockwise direction to create Sample B. The resulting films were partially transparent but Sample B more so 
than Sample A. The conductivity of Sample A was measured at 10 ohms/square while that of Sample B was 
25 ohms/square. These measurements clearly indicate that Sample A was better nitrided than Sample B. Stated 
differently, Sample B was partially oxidized by its longer exposure to the oxygen background. 

Example 2 



To produce a film of Si0 2 on substrates 3 the device as depicted in Fig. 1 was configured with a silicon 
target and a microwave plasma generator with deposition conditions listed in Table 2. Under these conditions 
40 a clear, fully oxidized film of SiO z was obtained at an over the target deposition rate of 1 80 A/sec. This is much 
greater than the 1 00 A/sec achieved by U.S. Patent No. 4,851 ,095 using separate sputter and deposition zones. 



Table ? 



45 
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Example 3 



Target Material 
Argon Flow 
Nitrogen Flow 
Total Pressure 
Target Power 
Microwave Power 
Drum Rotation Rate 
Deposition Rate 



silicon 
6 0 seem 

3 5 seem 

2.5 Millitorr 

4 Kw 
2 Kw 

5 0 rpm 
180 A/sec 



To deposit tantalum pentoxide the device as depicted in Fig. 1 was configured with a tantalum metal target 
and the deposition conditions listed in Table 3 were established. Under these conditions a clear film of Ta 2 O s 
was deposited at an over the target rate of 120 A/sec which was obtained without baking the part after depos- 
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ition; a process commonly used to complete oxidation of thin films as taught in U.S. Patent No. 4,851,051. 



Table 3 
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Target Material 
Argon Flow 
"Nitrogen Flow 
Total Pressure 
Target Power 
Microwave Power _ 
Drum Rotation Rate 
Deposition Rate 



Tantalum 
60 seem 

4 0 seem ' 

2 .5 Millitorr 
2.7 Kw 
2 .2 Kw 

5 0 rpm 
120 A/sec 



15 Example 4 

For many materials, such as Ta 2 0 5 and Nb 2 0 5 , deposition rates can be increased if a post deposition bake 
can be used to complete reaction of the film; that is, to remove residual absorption from the film. This is true 
for the present invention. To deposit Ta 2 0 5 the device was configured as depicted in Fig. 1 and the deposition 
20 conditions listed in Table 4 were established and a one micron film was deposited at a rate of 210 A/sec. The 
film was absorbing upon removal from the coating chamber but cleared after baking for 30 minutes at 600° C. 
This is in contrast to the 150 A/sec achieved in U.S. Patent 4,851,095. 



25 



30 
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Table 4 



Target Material 
Argon Flow 
Nitrogen Flow 
Total Pressure 
Target Power 
Microwave Power 
Drum Rotation Rate 
Deposition Rate 
Post Bake 



Tantalum 
60 seem 

3 5; seem 

2.5 Millitorr 
4.0 Kw 
2.2 Kw 

4 0 rpm 
210 A/sec 

30 min. at 600°C 



Example 5 



40 



To produce a film of AIN the device as depicted in Fig 1 was fitted with an aluminum target and the depos- 
ition conditions of Table 5 were established. Under these conditions a hard, clear film of AIN of 3.5 microns 
thickness was produced at an over the target deposition rate of 60A/sec. This film was very suitable as a trans- 
parent wear resistant coating. 



45 



50 



Target Material 
Argon Flow 
Nitrogen Flow 
Total Pressure 
Target Power 
Microwave Power 
Drum Rotation Rate 
Deposition Rate 



Table 5 

Aluminum 
6 0 seem 
3 0 seem 
2.5 Millitorr 

3 Kw 
2 Kw 

4 0 rpm 
60 A/sec 



The present invention has a wide variety of applications, including multilayer interference filters, opaque 
55 wear resistant coatings, transparent wear resistant coatings, layered ultrathin coherent structures (LUCS), 
transparent conductive coatings, and others. Some of these applications are briefly described beiow. 

The invention was employed to deposit a conductive tin oxide using a tin target and a microwave generated 
auxiliary plasma. The resulting coating was clear with conductivity 10-* ohm-cm. 



9 



JDOCID: <EP 051S436A2_I_> 



10 



15 



20 



25 



30 



35 



EP 0 516 436 A2 



55 



The invention is also suitable for depositing filters on lamps. For example, a filter transmitting in the visible 
and reflecting in the infrared, out to about 2 microns, has been used as an energy device for incandescent 
lamps, especially tungsten halogen lamps. The reflected infrared energy maintains the filament temperature 
at a given level with less electrical input, thereby yielding visible light at lower cost. Such filters and lamps are 
well known. They are produced in volume by The General Electric Co., and are described in U.S. Patent 
4,851 ,095. These IR reflecting filters on lamps can be deposited using the present invention by providing tooling 
to rotate the lamps as_ they pass through the sputtering - activating plasma. Nb 2 0 5 /Si0 2 and Ti0 2 /Si0 2 have 
been used as material pairs to make the filters. 

Many products require high reflection in the visible and transmission in the infrared, so that the light re- 
flected is "cold." Examples are dental mirrors and smaller parabolic reflectors in which a lamp is positioned at 
the focal point. So-called MR 16's form an example of the latter. These are half paraboloids measuring 16 
eighths of an inch across. They are used, for example, in overhead projectors. The present invention is partic- 
ularly suitable for coating these MR 16's. It's high deposition rates allow very stable oxides to be deposited 
economically in this commodity product. 

By using two or more targets coupled to auxiliary plasma generators it is easy to deposit alternating ultra thin 
layers of different materials by controlling the drum rotation rate and the sputter rate. For example, a structure 
consisting of 6 b layers of Si0 2 interleaved with 10A layers of Ti0 2 to a total film thickness of 1 micron is readily 
made at a drum rotation rate of 10rpm, and three and five kilowatts of power respectively to the silicon and 
titanium target. 

While the drum configuration of Fig. 1 is a convenient arrangement for use of the present inventions, it is 
by no means the only one possible. Any of the configurations of U.S. Patent 4,851 ,095 would benefit from the 
use of the invention. 

For example, Fig. 9 shows an auxiliary plasma generating device 6 coupled to a sputter target 5 on the 
ms.de of a rotating, substrate bearing drum 2. As another example, Fig. 10 shows coupled auxiliary devices 6 
and sputter targets 5 on both the inside and outside of a substrate bearing drum 2. 

Fig. 1 1 shows a novel "donut" configuration in which the vacuum chamber 1 has cylindrical inner and outer 
vacuum walls 1 with coupled auxiliary devices 6 and sputter targets 5 mounted in the walls 1. It is obvious that 
such a configuration allows coating of substrates facing either in or out on the drum and therefore effectively 
doubles the load size. 



Claims 

1. A sputter coating system comprising a vacuum chamber, a means within said chamber adapted for mount- 
ing substrates and moving them thereon, at least one magnetron sputter device positioned at a work station 
adjacent to the substrate holder and adapted for sputtering at least a selected material onto said substrate 
and at least a second device positioned adjacent said first device for providing a plasma for enhancing 
the plasma formed by said first device. 

40 2. The system of claim 1 , wherein the second device in combination with the first device is adapted for pro- 
viding a reactive atmosphere selected to at least partially convert said selected material to at least one 
member selected from the group consisting of an oxide, a nitride, a hydride, an oxynitride or a carbon- 
containing alloy or compound. 

45 3. The system of claim 1 , wherein the second device in combination with the first device is adapted for pro- 
viding a reactive atmosphere selected to complete conversion of the selected material to at least one mem- 
ber selected from the group consisting of an oxide, a nitride, a hydride, an oxynitride or a carbon-containing 
alloy or compound, said conversion being initiated by said first device. 

M 4. The system of claims 1 , wherein the magnetron sputter and second device are atmospherically and phys- 
ically adjacent. 

5. The system of claim 1 , wherein the second device is adapted for in situ cleaning of the substrates. 

6. The system of claim 1, wherein the second device is adapted for bombardment of the selected material 
by energetic atoms during deposition. 

7. The system of claim 1 , wherein the second device is a microwave generator device. 

10 
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. 8. The system of claim 7, wherein the second device is microwave generator device operating in the electron 
. cyclotron resonance (ECR) mode. 

9. The system of claim 7 wherein the second device provides heating to the substrate. 

10. The system of claim 1, wherein said second device is an ion gun device. 

11. . The system of claim 1, wherein.said second device is a linear magnetron device operated.in a balanced 

magnetic mode. 

10 12. The system of claim 1 , wherein said second device is a linear magnetron device operate in an unbalanced 
magnetic mode. 

13. The system of claim 11 wherein said linear magnetron device is comprised of a target material that is the 
same material as the selected material and is operated in a poisoned mode. 

15 

14. The system of claim 11 wherein said linear magnetron device is comprised of a target material that is a 
lower sputter yield material than the selected material. 

15. The system of claim 1, wherein said magnetron sputter device is a cylindrical magnetron device. 

20 

16. The system of claim 1, wherein said magnetron sputter device is a planar magnetron device. 

17. The system of claim 16, wherein said planar magnetron device is operated in an unbalanced magnetic 
mode. " ' 

25 18. The system of claim 17, wherein the first device in combination with the second device is adapted for sput- 
ter coating of the selected materials at pressures below 1Ch 3 Torr. 

19. The system of claim 17, wherein the first device in combination with the second device is adapted for con- 
version of said selected material to that of a member selected from the group consisting of an oxide, a 

30 nitride, a hydride, an oxynitride or a carbon-containing alloy or compound at pressures below 10" 3 Torr/ 

20. The sputter coating system of claim 1 , wherein the substrates are held and moved on a drum. 

21. The sputter coating system of claim 20, wherein the magnetron sputter device and the second device are 
3 5 positioned outside the drum. 

22. The sputter coating system of claim 20, wherein the magnetron sputter device and the second device are 
positioned inside the drum. 



40 



55 



23. The sputter coating system of claim 20, wherein at least one magnetron sputter device and at least one 
second device are positioned outside the drum and at least one magnetron sputter device and at least 
one second device are positioned inside the drum. 



24. The sputter coating system of claim 20, further comprising substrate support means rotatably mounted at 
the circumference of said drum for rotatably presenting selected substrates or surface segments thereof 

45 Jto the work station. 

25. The sputter coating system of claim 24, wherein the rotatable mounting means comprises a planetary gear 
arrangement which is rotatable in conjunction with rotation of the drum. 

50 26. The sputter coating system of claim 1 . further comprising at least a second magnetron sputter device or 
group of magnetron sputter devices adapted for depositing at least a second material onto substrates at 
a second work station or group of work stations adjacent said substrate holder. 



27. The sputter coating system of claim 26, further comprising at least a second device or group of second 
devices positioned adjacent said second magnetron sputter device or group of magnetron sputter devices 
and adapted for providing a plasma for enhancing the plasma formed by the second magnetron sputter 
device or group of magnetron sputter devices. 
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A sputter coating system comprising: a vacuum chamber with cylindrical inner and outer walls a rotatable 
drum mounted between the inner and outer walls of said chamber and adapted for mounting substrates 
and rotating them thereon, at least a first magnetron sputter device positioned at a work station at or be- 
tween the outside wall of the chamber and the outside surface of the substrate holder and adapted for 
sputtering at least a selected material onto said substrate, at least one second device positioned adjacent 
said first magnetron sputter device at a work station at or between the outside wall of the chamber and 
he outs.de surface of the substrate holder and adapted for providing a plasma for enhancing the plasma 
formed by said first device, at least a second magnetron sputter device positioned at a work station at or 
between the ins.de the wall of the chamber and the inside surface of the substrate holder and adapted for 
sputtering at least a selected material onto said substrate, at least a third device positioned adjacent said 
second magnetron sputter device at a work station at or between the inside wall of the chamber and the 
inside surface of the substrate holder and adapted for providing a plasma for enhancing the plasma formed 
by said second magnetron sputter device. 

?5 29. The system of claim 28, wherein the second device in combination with the first magnetron sputter device 
is adapted for providing a reactive atmosphere selected to at least partially convert said selected material 
to at least one member selected from the group consisting of an oxide, a nitride, a hydride, an oxynitride 
or a carbon-containing alloy or compound. 

20 30. The system of claim 28, wherein the second device in combination with the first magnetron sputter device 
is adapted for providing a reactive atmosphere selected to complete conversion of the selected material 
to at least one member selected from the group consisting of an oxide, a nitride, a hydride, an oxynitride 
or a carbon-containing alloy or compound, said conversion being initiated by said first device. 

25 31. The system of claim 29 wherein the magnetron sputter and second device are atmospherically and phys- 
ically adjacent. 

32. The system of claim 28. wherein the second device is adapted for in situ cleaning to the substrate. 

33. The system of claim 28, wherein the second device is adapted for bombardment of the selected material 
30 by energetic atoms during deposition. 

34. The system of claim 28, wherein the second device is a microwave generator device. 

35. The system of claim 34. wherein the second device is a microwave generator device operating in an elec- 
35 tron cyclotron resonance (ECR) mode. 

36. The system of claim 34 wherein the secondary plasma device provides heating to the substrate. 

37. The system of claim 28, wherein said device is an ion gun device. 



40 



45 



38. The system of claim 28, wherein said second device is a linear magnetron device operated in a balanced 
magnetic mode. 

39. The system of claim 28. wherein said second device is a linear magnetron device operated in an unbal- 
anced magnetic mode. 

40. The system of claim 38 wherein said linear magnetron device is comprised of a target material that is the 
same mater.al as selected sputtering material and is operated in a poisoned or oxide mode. 

41. The system of claims 38 wherein said linear magnetron device is comprised of a target material that is a 
so lower sputter yield material than the selected sputtering material. 

42. The system of claim 28, wherein said magnetron sputter device is a cylindrical magnetron device. 

43. The system of claim 28, wherein said magnetron sputter device is a planar magnetron device. 

M ' m h ode yStem ° f C ' aim 43 ' Wherein S3id P,a " ar magnetron device is operated in an unbalanced magnetic 

45. The system of claim 44, wherein the first device in combination with the second device is adapted for sput- 

12 
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ter coating of the selected materials at pressures below 1CH Torr. 

46. The system of claim 44, wherein the first device in combination with the second device is adapted for con- 
version of said selected material to that of an oxide, a nitride, a hydride, an oxynitride or a carbon-con- 

5 taining alloy or compound at pressures below 10~ 3 Torr. 

47. The sputter coating system of claim 28, further comprising substrate support means rotatably mounted at 
— - the circumference of said drum-for rotatably presenting selected substrates or surface segments thereof 

to the work stations at both inner and outer chamber walls. 

10 48. The sputter coating system of claim 47, wherein the rotatable mounting means comprises a planetary gear 
arrangement which is rotatable in conjunction with rotation of the drum. 

49. The sputter coating system of claim 28, further comprising at least an additional magnetron sputter device 
or group of magnetron sputter devices adapted for depositing at least a second material onto substrates 

15 at a second work station or group of work stations at or between the outer chamber wall and the outer 

surface of the substrate holder and at or between the inner chamber wall and the inside surface of the 
substrate holder and at least additional devices or a group of devices positioned adjacent said additional 
magnetron sputter devices or group of magnetron sputter devices and.adapted for providing a plasma for 
enhancing the plasma formed by the second magnetron sputter devices or group of magnetron sputter 

20 devices. 

50. A magnetron sputtering system for sputter depositing at least one selected material on a substrate and 
effecting reaction of said material, comprising a vacuum chamber, a means within said chamber adapted 
for mounting substrates and rotating them thereon past associated selected work stations, said substrate 

25 . holder and said vacuum chamber defining there between a relatively narrow elongated reaction volume, 

at least one magnetron sputter device positioned at a first work station adjacent said substrate holder de- 
vice and comprising a target of selected material adapted for generating a first plasma throughout the re- 
action volume for sputter depositing at least one selected material onto said substrates, and at least one 
secondary plasma device positioned at said first work station location adjacent said magnetron sputter 

30 ' * device and adjacent said substrate holder device and adapted for enhancing the plasma of said sputter 
device to effect reaction of ions of said reactive gas with said sputter deposited material at a relatively low 
ambient partial pressures of said reactive gas. 

51. The system of claim 50, wherein the enhanced plasma device comprised of the magnetron sputter device 
35 and the secondary plasma device is adapted for providing a reactive atmosphere selected to at least par- 
tially convert said selected material to at least one member selected from the group consisting of an oxide, 
a nitride, a hydride, an oxynitride or a carbon-containing alloy or compound. 

52. The system of claim 50, wherein the second device in combination with the first device is adapted for pro- 
40 viding a reactive atmosphere selected to complete conversion of the selected material to at lest one mem- 
ber selected from the group consisting of an oxide, a nitride, a hydride, an oxynitride or a carbon-containing 
alloy or compound, said conversion being initiated by said first device. 

53. The system of claim 50, wherein the sputter and activation zones are atmospherically and physically ad- 
45 jacent. 

54. The system of claim 50, wherein the secondary plasma device is adapted for in situ cleaning to the sub- 
strate. 

55. The system of claim 50, wherein the secondary plasma device is adapted for bombardment of the selected 
50 material by energetic atoms during deposition. 

56. The system of claim 50, wherein the secondary plasma device is a microwave generator device. 

57. The system of claim 56, wherein the secondary plasma device is a microwave generator device operating 
55 in an electron cyclotron resonance (ECR) mode. 

58. The system of claim 56 wherein the secondary plasma device provides heating to the substrate. 

13 
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59. The system of claim 50, wherein said secondary plasma device is an ion gun device. 

60. The system of claim 50, wherein said secondary plasma device is a linear magnetron device operated in 
a balanced magnetic mode. 

5 

61. The system of claim 50, wherein said secondary plasma device is a linear magnetron device operated in 
an unbalanced magnetic mode. 

62. The system of claim 60 wherein said linear magnetron device is comprised of a target material that is the 
1Q same material as the selected material and is operated in a poisoned mode. 

63. The system of claims 60 or 61 . wherein said linear magnetron device is comprised of a target material 
that is a lower sputter yield material than the selected material. 

64. The system of claim 50, wherein said magnetron sputter device is a cylindrical magnetron device. 

65. The system of claim 50, wherein said magnetron sputter device is a planar magnetron device. 
66 ' mode yStem ° f °' aim WhSrein S3id P ' anar magnetron device is operated in an unbalanced magnetic 

67. The system of claim 66, wherein the first device in combination with the second device is adapted for sput- 
ter coating of the selected materials at pressures below 10-3 Torr. 

68. The system of claim 66, wherein the first device in combination with the second device is adapted for con- 
25 version of said selected material to a member selected from the group of an oxide, a nitride a hydride 

an oxynitride or a carbon-containing alloy or compound at pressures below 1 0-3 Torr. 

69. The magnetron sputtering system of claim 50, wherein the substrate holder is a drum. 

*> 7 °" me e dTrn netr ° n SPUtteri " 9 SyStem ° f ° laim 69 ' wherein me enhanced plasma device is positioned outside 

71. The magnetron sputtering system of claim 69, wherein the enhanced plasma device is positioned inside 
the drum. 

35 72. The magnetron sputtering system of claim 69. wherein at least one enhanced plasma device is positioned 
inside the drum and at least one enhanced plasma device is positioned outside the drum. 

73. The magnetron sputtering system of claim 69, further comprising substrate support means rotatably 
mounted adjacent the circumference of the drum for rotatably presenting selected substrates or surface 

M segments thereof to the work station. 

74. The magnetron sputtering system of claim 73, wherein the rotatable mounting means comprises a plan- 
etary gear arrangement which is rotatable in conjunction with rotation of the drum. 

75. The magnetron sputtering system of claim 50, further comprising at least a second magnetron sputter de- 
vice or group of magnetron sputter devices adapted for depositing at least a second material onto sub- 
strates at a second work station or group of work stations adjacent said substrate holder. 

76. The magnetron sputtering system of claim 75. further comprising at least a second secondary plasma de- 
vice or group of secondary plasma devices positioned adjacent said second magnetron sputter device or 
group of magnetron sputter devices and adapted for providing a plasma for enhancing the plasma formed 
by the second magnetron sputter device or group of magnetron sputter devices. 

11 ' J^rl?***™ SP ^"r 9 SySlem ° f ° laim 76 ' fUrther com P«" si "9 selectively and sequentially operating 
-fJf f ,°! a ?f tMe firSt and S6C0nd devices in ^mbination to form composite coating comprising at 
fr P yerS ' COmposition of each said being selected from at least one member se- 

ected from the group consisting of a first metal, a second metal, an oxide of the first metal, an oxide of 
the second metal, natures of the first and second metals, and an oxide of mixtures of the first and second 

14 
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78. The magnetron sputtering system of claim 77, further comprising sequentially operating selected ones of 
the sputter cathode devices to sputter deposit layers of selected materials on said substrate and selectively 
and sequentially operating selected ones of the second devices in conjunction with supplying a selected 
reactant gas or combination of selected reactant gases thereto for effecting the selected reaction with at 

5 least selected ones of the layers prior to sputter deposition of the next successive layer. 

79. The magnetron sputtering system of claims 77 or 78, wherein the selected reaction involves converting 
the selected layers to at least one member selected from the group consisting of an oxide; nitride, hydride, 
sulfide, oxynitride, or carbon-containing compound or mixture. 

10 

80. The magnetron sputtering system of claim 77 or 78, wherein the selected reaction is oxidation. 

81. The system of claim 77 or 78, wherein mixtures of materials are deposited that provide alternating layers 
of composite materials with high and low effective refractive index and approximately equal optical thick- 
ness, said alternating layers being repeated one or more times to produce a multilayer coating that pro- 
vides a high reflectance peak of electromagnetic radiation at the effective quarter wave optical thickness 
of the multilayer stack and a broad band of high transmission at both longer and shorter wavelengths out- 
side of the layer's peak reflectance band. 



15 



20 



82. The magnetron sputtering system of claim 81, wherein each coating layer represents a continuously va- 
riable mixture of selected materials or reacted selected materials to provide a continuously variable index 
- of refraction from that of a material having a high index of refraction in the mixture to that of a material 
having a low index of refraction in the mixture, said index variation being reversed for each successive 
layer. 

25 83. The magnetron sputtering system of claim 82, wherein coating layers-are provided for the suppression of ; 
the higher order reflection bands in multilayer coatings. 

84. A sputter coating system comprising a vacuum chamber, a means within said chamber adapted for mount- 
ing substrates and rotating them thereon, at least one magnetron sputter device positioned at a work sta- 

30 - tion adjacent to the substrate holder and adapted for sputtering at least a selected material onto said sub- 
strate, and at least one microwave generating device positioned adjacent to the substrate holder and 
adapted for providing a plasma for effecting chemical reaction with said selected material. > . . 

85. The system of claim 84, wherein the microwave plasma is adapted for providing a reactive atmosphere 
35 selected to at least partially convert said selected material to at least one member selected from the group . 

consisting of an oxide, a nitride, a hydride, an oxynitride or a carbon-containing alloy or compound. 

86. The system of claim 84, wherein the microwave plasma device is adapted for providing a reactive atmos- 
phere selected to complete conversion of the selected material to at least one member selected from the 
group consisting of an oxide, a nitride, a hydride, an oxynitride or a carbon-containing alloy or compound, 
said conversion being initiated by said first device. 



40 



87. The system of claim 84, wherein the microwave plasma device is adapted for in situ cleaning of the sub- 
strates. 

45 88. The system of claim 84, wherein the microwave plasma is adapted for bombardment of the selected ma- 
terial by energetic atoms during deposition. 

89. The system of claim 84, wherein the microwave plasma device provides heating to the substrate. 

50 90. The system of claim 84, wherein the microwave plasma device is a microwave generator device operating 
in an electron cyclotron resonance (ECR) mode. 

91. The system of claim 84, wherein said magnetron sputter device is a planar magnetron device operated in 
an unbalanced magnetic mode. 

55 

92. The system of claim 91 , wherein the magnetron sputter device in combination with the microwave plasma 
device is adapted for sputter' coating of the selected materials at pressures below 10- 3 Torr. 

15 
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93. The system of claim 91 , wherein the magnetron sputter device in combination with the microwave plasma 
device is adapted for conversion of said selected material to that of a member selected from the group 
consisting of an oxide, a nitride, a hydride, an oxynitride or a carbon-containing alloy or compound at pres- 
sures below 10* 3 Torr. 

5 

94. The system of claim 84, wherein the means for holding and moving the substrate is a drum. 

95. The system of claim 94, wherein the magnetron sputter device and the microwave plasma device are posi- 
tioned outside the drum. 

10 

96. The system of claim 94, wherein the magnetron sputter device and the microwave plasma device are posi- 
tioned inside the drum. 

97. The system of claim 94, wherein at least one magnetron sputter device and at least one microwave plasma 
device are positioned outside the drum and at least one magnetron sputter device and at least one micro- 
wave plasma device are positioned inside the drum. 
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98. The system of claim 94, further comprising substrate support means rotatably mounted at the circumfer- 
ence of said drum for rotatably presenting selected substrates or surface segments thereof to the work 
station. 

99. The system of claim 98, wherein the rotatable mounting means comprises a planetary gear arrangement 
which is rotatable in conjunction with rotation of the drum. 

100. The system of claim 84, further comprising at least a second magnetron sputter device or group of mag- 
25 netron sputter devices adapted for depositing at least a second material onto substrates at a second work 

station or group of work stations adjacent said substrate holder. 

101. The system of claim 100, further comprising at least a microwave plasma device or group of microwave 
plasma devices positioned adjacent said second magnetron sputter device or group of magnetron sputter 

30 devices and adapted for providing a plasma for effecting chemical reaction with said selected material sput- 

tered by the second magnetron sputter device or group of magnetron sputter devices. 

102. A low temperature, high formation rate device for forming single layer films and multi-layer composites on 
substrates, comprising a vacuum chamber, a means within said chamber adapted for mounting substrates 

35 and rotating them thereon, at least one magnetron sputter device positioned at a work station adjacent to 

the substrate holder and adapted for sputtering at least a selected material onto said substrate, and at 
least a second device positioned adjacent said first device adapted for enhancing the plasma of said sput- 
ter device to effect reaction of ions of said reactive gas with said sputter deposited material at relatively 
low ambient partial pressures of said gas. 
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103. The sputtering device of claim 102, further comprising means for sequentially sputter depositing a stack 
of materials on said substrate and selectively operating the enhanced plasma device to oxidize at least 
selected ones of said layers prior to sputter deposition of the next successive layer. 

104. The sputtering device of claim 103, wherein the enhanced plasma device is adapted for providing a reac- 
tive atmosphere selected to convert the selected material to at least one member selected from the group 
consisting of an oxide, a nitride, a hydride, an oxynitride or a carbon-containing alloy or compound, said 
conversion being initiated by said first device. 

105. The sputter coating system of claim 1, wherein the means for holding and moving the substrate is a web 
50 in a web-to-web roll coater. 

106. The magnetron sputtering process of claim 50, wherein the means for holding and moving the substrate 
is a web in a web-to-web roll coater. 

55 107. The sputter coating system of claim 1 , wherein the means for holding and moving the substrate is a disk. 

108. The magnetron sputtering system of claim 50, wherein the means for holding and moving the substrate 
is a disk. 
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